The aim of the study was to compare the effect of intermittent hypoxic training (IHT) and the live high, train low strategy on aerobic capacity and sports performance in off-road cyclists in normoxia. Thirty off-road cyclists were randomized to three groups and subjected to 4-week training routines. The participants from the first experimental group were exposed to normobaric hypoxia conditions (FiO 2 = 16.3%) at rest and during sleep (G-LH-TL; n=10; age: 20.5 ± 2.9 years; body height 1.81 ± 0.04 m; body mass: 69.6 ± 3.9 kg). Training in this group was performed under normoxic conditions. In the second experimental group, study participants followed an intermittent hypoxic training (IHT, three sessions per week, FiO2 = 16.3%) routine (G-IHT; n=10; age: 20.7 ± 3.1 years; body height 1.78 ± 0.05 m; body mass: 67.5 ± 5.6 kg). Exercise intensity was adjusted based on the lactate threshold (LT) load determined in hypoxia. The control group lived and trained under normoxic conditions (G-C; n=10; age: 21.8 ± 4.0 years; body height 1.78 ± 0.03 m; body mass: 68.1 ± 4.7 kg; body fat content: 8.4 ± 2.4%). The evaluations included two research series (S1, S2). Between S1 and S2, athletes from all groups followed a similar training programme for 4 weeks. In each research series a graded ergocycle test was performed in order to measure VO 2max and determine the LT and a simulated 30 km individual time trial. Significant (p<0.05) improvements in VO 2max , VO 2LT , WR max and WR LT were observed in the G-IHT (by 3.5%, 9.1%, 6.7% and 7.7% respectively) and G-LH-TL groups (by 4.8%, 6.7%, 5.9% and 4.8% respectively). Sports performance (TT) was also improved (p<0.01) in both groups by 3.6% in G-LH-TL and 2.5% in G-IHT. Significant changes (p<0.05) in serum EPO levels and haematological variables (increases in RBC, HGB, HCT and reticulocyte percentage) were observed only in G-LH-TL. Normobaric hypoxia has been demonstrated to be an effective ergogenic aid that can enhance the exercise capacity of cyclists in normoxia. Both LH-TL and IHT lead to improvements in aerobic capacity. The adaptations induced by both approaches are likely to be caused by different mechanisms. The evaluations included two research series (S1, S2). Between S1 and S2, athletes from all groups followed a similar training programme for 4 weeks. In each research series a graded ergocycle exercise test was performed in order to measure VO 2max and determine the lactate threshold as well as a simulated 30 km individual time trial. 
INTRODUCTION
Among the most popular altitude environment strategies used in recent years to fully activate adaptive reserves and improve athletic performance is intermittent hypoxic training (IHT), and the live high, train low training strategy (LH-TL). In IHT, athletes train in simulated normobaric hypoxia or, less often, in a natural high-altitude environment under hypobaric conditions, while living under normoxic conditions [1] . Compared to the well-known LH-TL strategy,
IHT presents a few essential advantages that can be utilized as an 
Study design
The evaluations included two research series (S1, S2). Between S1 and S2, athletes from all groups followed a similar training programme for 4 weeks (three basic microcycles and one recovery microcycle).
The only factor that differentiated the training protocols in particular study groups was the exposure of the G-IHT group to normobaric hypoxia.
Evaluations
Each research series was performed after an overnight fast, and was started by drawing venous blood (10 ml) from the basilic vein to determine red blood cell count (RBC), haemoglobin level (HGB) and haematocrit (HCT) (Advida 2120, Siemens, Germany), and biochemical fatigue indices: creatine kinase activity (CK), lactate dehydrogenase activity (LDH) and uric acid concentration (URIC). After obtaining the blood samples, body height, body mass and body composition were also measured (InBody 220, Biospace, Korea).
Next, three hours after a light mixed meal, study participants performed a graded exercise test using the Excalibur Sport cycle ergometer (Lode, Netherlands) in order to measure VO 2max and determine the lactate threshold. The graded exercise test began with a load of 40 W, with increments of 40 W every 3 minutes. The test was continued to exhaustion or until the participant was unable to maintain the minimal cadence of 60 rpm. Heart rate (HR), minute ventilation (VE), breathing frequency (BF), oxygen uptake (VO 2 ) and carbon dioxide output (VCO 2 ) (MetaLyzer 3B-2R, Cortex, Germany)
were continuously recorded at rest and during the test. At the end of each load (last 15 s) and in the 3rd, 6th, 9th and 12th minute of recovery, capillary blood samples were obtained from fingertips in order to determine blood lactate concentration (Biosen C-line Clinic, EKF-diagnostic GmbH, Germany). These data were used to analyse the kinetics of concentration of this metabolite in blood, evaluate individual lactate thresholds based on the Dmax methodology [18] and determine individual exercise zones. Furthermore, before and immediately after completion of the test, blood was sampled from fingertips in order to determine the difference between resting and post-exercise blood pH (RapidLab 248, Bayer Diagnostics, Germany).
On the second day of measurements, study participants performed a simulated 30 km individual time trial in mountainous terrain (TT).
The test trial was performed on personal bicycles of the studied athletes connected to an electromagnetic bicycle trainer (Cyclus 2, RBM elektronik-automation GmbH). Power generated during the TT (P) and heart rate (HR) were continuously recorded. After a warm-up and immediately after completion of the test, capillary blood samples were obtained in order to determine LA concentration and acid-base balance.
Furthermore, after 48 hours of rest, the G-IHT group performed an additional graded exercise test on the cycle ergometer under Both passive exposure to a hypoxic environment and combining hypoxia conditions with physical exercise contribute to activation of numerous exercise-induced adaptations that are beneficial to sports performance [2, 4] . The mechanisms underlying the improvement in athletes' performance at sea level with altitude training are generally attributed to either cardiovascular (5), haematological (3), or ventilatory (6) effects and peripheral adaptations, i.e. muscle buffering capacity (7), glycolytic enzyme activity (8) and mechanical efficiency (15) .
Although a number of publications have demonstrated the effectiveness of the LH-TL routines [10, 11, 12, 13] and IHT procedures [14, 15, 16, 3, 10] , the effects of hypoxia on aerobic capacity and sports performance of athletes remains debatable. These contradictions result from the methodological differences in study designs. It should be noted that the prerequisite for effective stimulation of adaptive mechanisms is the choice of adequate exposure time, hypoxia level and training stimuli that are proportional to expected adaptive changes. The appropriate combination of these variables ensures an increase in exercise capacity following hypoxic training [17] . The examinations presented in this study were conducted in a group of athletes involved in the same sport and during the same training period. The same hypoxic conditions and the same well-designed training plan were used in both experimental groups. This study design allowed for the comparison of the effect of normobaric hypoxia (LH-TL) and IHT on aerobic capacity and sports performance in off-road cyclists under normoxic conditions.
MATERIALS AND METHODS

Study participants
The study examined 30 competitive off-road cyclists. The basic inclusion criteria were a minimum of six years of training experience and at least a six-month washout period from previous altitude training.
Study participants were randomized to three groups: two experimental groups and a control group. The first experimental group (G-LH-TL) (n=10; age: 20.5 ± 2.9 years; body height 1.81 ± 0.04 m; body mass: 69.6 ± 3.9 kg; body fat content: 8.4 ± 2.6%; lean body mass: 63.8 ± 4.1 kg) was exposed to normobaric hypoxia at rest and during sleep for 11 to 12 hours a day. Training in this group was performed exclusively under normoxic conditions. In the second experimental group (G-IHT) (n=10; age: 20.7 ± 3.1 years; body height 1.78 ± 0.05 m; body mass: 67.5 ± 5.6 kg; body fat content:
10.6 ± 2.0%; lean body mass: 60.3 ± 5.1 kg), participants followed Hypoxic training strategy and cycling performance normobaric hypoxia conditions (FiO 2 = 16%) in order to determine the lactate threshold load. These data were used to choose an individual training load for the experiment.
Venous blood samples (10 ml) were taken several times during the experiment in order to evaluate EPO levels (IMMULITE 1000, Siemens, Germany) and blood morphology. Blood samples were taken after fasting, not later than 30 minutes after waking up. In the G-LH-TL group, samples were obtained after the first and third night, as well as after the 1st, 2nd and 3rd week, whereas in the G-IHT and G-C groups, blood was sampled after each week. Furthermore, oxygen saturation of haemoglobin was evaluated during training sessions performed under hypoxia conditions (G-IHT) using a Pulsox-3 pulse oximeter (Minolta, Netherlands).
The values of SpO 2 and resting heart rate (HR rest ) (Pulsox-3) were also measured on each day after waking up (in a lying position) in the G-LH-TL group. HR rest was recorded on a daily basis in the G-IHT and G-C groups (S810i, Polar Electro). The information collected in the study was used to analyse the adaptive changes in the LH-TL group.
Training programme
All the groups followed the same training routines with individually adjusted intensity zones. The only factor that differentiated the training routines in particular study groups was the exposure of the G-IHT group to normobaric hypoxia (FiO 2 = 16.3%, corresponding to the altitude of 2,100 m above sea level) in a hypoxic chamber. The intermittent hypoxic training programme in the G-IHT group was chosen based on our previous study [3] . Each training session in the G-IHT group was subdivided into a 15-min warm-up, 30 to 40-min main part and 15-minute cool-down. Intensity during these sessions was adjusted individually to each study participant based on the threshold load (WR LThyp ), determined under normobaric hypoxia conditions. The warm-up during all IHT sessions was performed using the intensity at the level of 65-70% WR LThyp . In the main part, the intensity was increased to 100% WR LThyp The participants from the G-LH-TL and G-C groups followed the same training routine in the laboratory environment but under normoxic conditions. Training intensity (% WR LT ) was the same as in the G-IHT group. However, it referred to the threshold load determined under normoxic conditions.
In the G-LH-TL group, participants spent from 11 to 12 hours (evenings and nights) during three basic microcycles (three weeks) under conditions of normobaric hypoxia (FiO 2 = 16.3%). The Everest Summit II hypoxic generators and altitude tents (Hypoxico, USA) were used to ensure normobaric hypoxia conditions. The training load was recorded using PowerTap technology (CycleOps, USA) [3] . It was calculated after each training session and expressed on the Training Stress Score point scale [19] using WKO+ 3.0 software (TrainingPeaks, USA).
Statistical Methods
The results of the study were analysed by means of Statistica 9.0 (StatSoft software). The results were presented as arithmetic means (x) with standard deviations (SD). Statistical significance was set at p<0.05. The Lilliefors test was used to demonstrate the consistency of the results obtained in the study with normal distribution.
The intergroup differences between research series were determined using the multi-factor analysis of variance (MANOVA) for repeated measures. Significance of differences between individual research series in the study groups was calculated based on the post-hoc Tukey test.
RESULTS
The bivariate analysis of variance with repeated measures revealed statistically significant differences in the group × training interaction (Fig. 1). A significant (p<0.001) reduction in the SpO 2 level was also documented in the G-LH-TL group during the experiment. The most substantial reduction (4.4%) was found after the first 12 hours of exposure to hypoxia. The next measurements showed a gradual increase in SpO 2 . However, the values of this variable during three weeks of exposure to hypoxia were significantly lower compared to initial measurements. No substantial differences in this range were observed after the recovery week in normoxic conditions (Fig. 2) .
Exercise capacity
The results of the time trial (Table 2) show that the time was significantly (p<0.001) improved by 3.6% in the G-LH-TL group and by 2.5% in the G-IHT group, which was accompanied by a substantial increase in mean power (P avg ), by 5.7% and 5.2%, respectively.
Furthermore, a small (1.7%) yet statistically significant reduction in HR avg was observed in the G-IHT group. In the G-C group, changes in the above variable were statistically insignificant.
The training plan did not have a significant effect on changes in body mass or body composition.
Cardiorespiratory indices, maximal load and threshold load
A significant (p<0.001) increase in VO 2max (by 4.8%) was observed in the G-LH-TL group and by 3.5% in the G-IHT group. Significant differences (p<0.01) were also found for the VO 2LT (increase by 6.7%
in the G-LH-TL group and by 9.1% in the G-IHT group) and WR max (increases of 5.9% and 6.7%, respectively). The threshold load (WR LT ) increased significantly by 4.8% for the G-LH-TL group and 7.7% in G-IHT. In the G-C group, the changes were statistically insignificant.
Furthermore, significant (p<0.05) improvements in VE max (7.1%), BF max (9.2%) and RER max (2.8 %) were observed in the G-IHT group.
A significant post-test (p<0.01) reduction in HR max (by 1.5%) was 
Resting erythropoietin levels and haematological indices
Analysis of blood serum erythropoietin (EPO) levels (Fig. 3) demonstrated the highest significant (p<0.001) increases after the first (81.4%) and third (101%) day of exposure to hypoxia in the G-LH-TL group. In subsequent measurements, serum EPO levels gradually declined. However, these changes were significantly (p<0.01)
higher than the pre-test values (77.7% after a week, 66% after two weeks). After the third and the fourth week of the experiment, the changes were no longer statistically significant. No significant changes were demonstrated in the G-IHT and G-C groups in EPO levels.
The results of the analysis of haematological variables (Table 3) demonstrated significant (p<0.01) improvements in RBC, HGB, 
Lactate concentration and blood pH
Lactate concentration and selected indices of acid-base balance were also evaluated during the experiment ( 
FIG. 1.
Changes in resting heart rates of studied athletes measured immediately after waking up in the lying position; ***<0.001 -statistically significant differences compared to the pre-test values.
FIG. 2.
Oxygen saturation of haemoglobin (SpO 2 ) measured immediately after waking up in the lying position in the experimental group (G-LH-TL) during the study; ***<0.001 -statistically significant differences compared to the pre-test values.
TABLE 2.
Trial time (TT), average power (P avg ), and average heart rate (HR avg ) registered in the study groups during the time trial, before and after completion of the experiment. 
Variable
G-LH-TL G-IHT G-C
Similar changes were observed in uric acid concentration (URIC).
Statistically significant (p<0.05) changes were observed after the second and the third week of training in all study groups. After the recovery microcycle, CK activity and URIC concentration returned to initial values. Changes in these indices are shown in Table 5 .
DISCUSSION
The results of the study indicate that both LH-TL and IHT procedures combined with an individually selected training load of the same intensity for all participants, based on estimation of lactate threshold, was found in all experimental groups (38% in G-LH-TL, 40.6% in G-IHT, 51.5% in G-C).
Training load and biochemical indices of muscle fatigue
Statistical analysis demonstrated a significant (p<0.05) increase in the activity of blood serum creatine kinase (CK) after the second and the third week of training in all study groups. Furthermore, a significant (p<0.05) increase in CK activity was also noted after the first week. Despite the significant rise in the activity of this enzyme, the values ranged within standard values in all groups. LA max -maximal lactate concentration, ΔLA -difference between maximal and resting lactate levels; ΔLA 12'res -difference between maximal lactate concentration and the concentration after 12 min of recovery; pH po -post-exercise blood pH; ΔpH -difference between resting and post-exercise blood pH.
led to substantial improvements in aerobic capacity (increases in VO 2max by 4.8% in the G-LH-TL group and by 3.5% in the G-IHT group) and sports performance (TT improved by 3.6% and 2.5%, respectively) under normoxic conditions. However, various mechanisms of adaptation to hypoxia are stimulated depending on the altitude training regime. In the case of IHT the most important mechanisms involved were non-haematological, whereas in the case of LH-TL they were haematological. The second main outcome of our study is that haematological mechanisms were more effective.
The main benefit of the use of the LH-TL methodology is the improvement in oxygen capacity of blood. Levine and Stray-Gundersen [3] , who developed the LH-TL method, demonstrated that this procedure speeds up erythropoiesis, thus improving aerobic capacity. It turns out that the important role that determines the final effect of erythropoiesis is played by an adequate dose of hypoxia (altitude and exposure time). Most studies that have used altitude training regimes with duration ranging from 100 to 200 hours have not found
FIG. 3.
Blood serum EPO levels in the experimental and control groups during the experiment; ** p<0.01; ***<0.001 -statistically significant differences with respect to initial examinations. in individual weeks of our experiment and changes in biochemical indices of muscle fatigue (CK and URIC) in all study groups were similar, the changes in HR rest recorded for the G-LH-TL group lead to the conclusion that it is hypoxia dose rather than the training load or the accumulation of fatigue which provides the stimulus to modify resting heart rate.
The tendency for changes in HR rest , which was reversely proportional to changes in SpO 2 , provides evidence for the response to hypoxia and the related adaptations. This observation may be used in practice to control the adaptations of athletes to the training load typical of altitude exercise regimes.
It is assumed that hypoxia-induced stress combined with exerciseinduced stress can contribute to greater adaptations in humans compared to the effects of training in normoxia [32] . This theory provides the basis for the intermittent hypoxic training concept (IHT). IHT does not cause an increase in oxygen capacity of blood, but it is likely to improve exercise capacity through reduction in energy expenditure, enhanced buffering capacity of muscle tissues and speeding up glycolytic enzyme activity [3, 33, 34] . The scope of these changes depends on the training load used during IHT.
The results of the experiment presented in this paper, with exercise intensity of the main part of each training session (IHT) at 100% WR LThyp and the hypoxic stimulus corresponding to the altitude of 2,100 m above sea level (FiO 2 = 16.3%), showed a significant increase in VO 2max (by 3.5%), and a shift in WR LT towards higher values (by 7.7%), which resulted in shorter trial times by 2.5%.
Most previous studies related to the IHT procedure focused on continuous exercise with low intensity, which did not improve aerobic capacity [35, 36, 37] , or concerned high-intensity exercise with low training volume [38] , which contributed only to the improvement in anaerobic capacity. Few studies have documented the effectiveness of IHT training based on high-intensity exercise (threshold and suprasignificant changes in either haemoglobin mass or red blood cell volume [20, 21, 22] .
In our study, 30 hours of hypoxia (11-12 hours/day) was shown to be an effective stimulus leading to the improvement in haematological indices. During the last series of our evaluations, the increase in RBC was 6.2%, in HGB 6.6%, and in HCT 5.2%, compared to the pre-test values. These findings are consistent with previous studies which demonstrated that the minimal dose necessary for improvement in oxygen capacity of blood is 30 hours of exposure to hypoxia [5, 16, 23, 24, 25, 26] .
The hypoxic dose in the IHT group was only 9 hours over the period of three weeks (3 times 60 min a week). No improvements in oxygen capacity of blood were found in this group. These findings and the previous studies [3, 8, 14 27, 28] provide evidence that this short exposure to hypoxia, although combined with intensive physical exercise, is insufficient to increase blood EPO levels and speed up erythropoiesis.
The strongest factor that contributes to the increased rate of erythropoietin secretion by kidneys is SpO 2 . It is known that the increase in EPO levels is directly proportional to the level of hypoxia and decline in oxygen saturation of haemoglobin [29, 30] , which is consistent with our findings. During subsequent weeks of the experiment, SpO 2 in the G-LH-TL group showed an upward tendency that was opposite to changes in EPO levels. Consequently, the effect of hypoxia on blood EPO levels became weaker with increasing acclimation, which was caused by the improvement in oxygen capacity of blood. However, it is worth emphasizing that, despite the decline in blood EPO levels, continuous production of red blood cells was observed, manifested by an increase in reticulocyte count, which is consistent with the findings of Mairbaurl [31] .
In our study, reaction to the hypoxic stimulus was also noticeable in the changes of HR rest in the G-LH-TL group. Since the training load
FIG. 4.
Hemoglobin concentrations in the experimental and control groups during the experiment; ** p<0.01; -statistically significant differences with respect to initial examinations.
FIG. 5.
Percentage reticulocyte concentration in the experimental and control groups during the experiment; * p<0.05; **<0.01 -statistically significant differences with respect to initial examinations.
threshold loads). In the theory of training methodology, this type of exercise is considered to be one of the most effective stimuli developing aerobic capacity. The results obtained in this study, our previous findings [3] and the findings documented by Dufour et al. [15] and Zoll et al. [16] have demonstrated the positive effect of the IHT methodology on aerobic capacity and sports performance. The characteristic feature of these studies was the use of threshold and suprathreshold intensity during training sessions in hypoxia.
Among the mechanisms behind the increase in sports performance induced by hypoxic training are enhanced aerobic metabolism in muscles and lower energy expenditure. However, previous studies are inconsistent as to whether altitude training has a beneficial effect on any of the above mechanisms [7, 16, 39] . Our previous studies [3] concerning hypobaric hypoxia showed improvements in the energy expenditure during exercise. However, hypoxia did not cause an increase in VO 2max . The results obtained from the experiment do not lead to unequivocal conclusions that the energy expenditure improved following the exposure to hypoxia (LH-TL and IHT), since the increase in absolute WR LT values was accompanied by a significant increase in VO 2LT . Furthermore, IHT is likely to have a positive effect on the cardiovascular system, expressed by reduced maximal heart rate (HR max ) and HR values observed during exercise.
Another potential mechanism whereby sports performance is enhanced after altitude training [40] is the ability of skeletal muscles to transport and buffer hydrogen ions (H + ), which is an important regulator of pH and changes in acid-base balance. Publications by Mizuno et al. [41] and Saltin et al. [42] showed that hypoxic training can increase the buffering capacity of muscles in elite athletes.
In our study, the most significant changes in LA and pH during the graded exercise test were observed in the G-IHT group. Despite the largest increase in blood lactate concentration (ΔLA) and decline in blood pH (ΔpH), the largest increase was observed for WR max (by ~7%). In the G-LH-TL group, an increase in WR max (by ~6%) was also found, without changes in ΔLA and ΔpH. Furthermore, greater improvements in the rate of blood lactate utilization after recovery (ΔLA 12'res ) were observed in the experimental compared to the control group.
CONCLUSIONS
The results of the experiment show that normobaric hypoxia can be considered as an effective ergogenic aid that is likely to improve exercise capacity in normoxia. Both the live high, train low (LH-TL) method and intermittent hypoxic training (IHT) lead to improvements of aerobic capacity and sports performance in off-road cyclists. However, major changes in improvement in aerobic capacity and endurance performance occurred after LH-TL. This improvement is reflected by higher VO 2max and haematological indices. In the case of IHT, the lactate threshold is also shifted towards higher training loads.
Positive effects of the IHT method depend on training intensity.
Exercise performed with individually adjusted threshold intensity depending on the altitude (hypoxia) is effective in improving aerobic capacity and sports performance.
The 250-hour exposure to hypoxia (11-12 hour/day for three weeks) used in the LH-TL group is a sufficient stimulus to improve oxygen capacity of blood. During the IHT protocol, the exposure to hypoxia was too short (9 hours for three weeks), and insufficient to modify haematological indices.
Since the adaptive changes induced by the use of the LH-TL strategy and IHT protocol are attributable to different mechanisms, adequate combination of both approaches may lead to substantially greater improvements in aerobic capacity and performance in normoxia, particularly in sport disciplines that utilize both anaerobic and aerobic energy systems.
